Actinobacillus actinomycetemcomitans, a Gram-negative periodontopathic bacterium, produces a leukotoxin belonging to the RTX family. The leukotoxin determinant consists of four contiguous genes designated ltxC, ltxA, ltxB and ltxD. Although the ltx operon appears to be present in all A. actinomycetemcomitans strains, the level of toxin expression varies considerably between the strains. Several molecular genetic studies have indicated that the difference in leukotoxin production among strains was dependent on the structure of the leukotoxin promoter region. In addition, chemostat culture studies revealed that the production of leukotoxin was influenced greatly by various environmental factors, e.g. growth rate, oxygen, bicarbonate, external sugar level, and pH. In this paper, the state of knowledge of leukotoxin expression in A. actinomycetemcomitans is reviewed.
Actinobacillus actinomycetemcomitans is a nonenteric, Gram-negative, facultatively anaerobic or microaerophilic coccobacillus that is associated with several forms of periodontal disease 56, 71) . This organism exhibits a number of potential virulence factors such as leukotoxic activity 54, 65) , a lymphocyte suppressive factor 53) , a cytolethal distending toxin 60) , a biologically active lipopolysaccharide 22, 28) , and a fibroblast inhibitory factor 52) . The mechanisms of A. actinomycetemcomitans infection are not well understood, but the leukotoxic activity of the organism may play an important role in the pathogenesis of A. actinomycetemcomitans since polymorphonuclear leukocytes represent the initial host defense against bacterial infection (Fig. 1) . In early studies, it was reported that A. actinomycetemcomitans strains isolated from sites of periodontal disease produce leukotoxin whereas isolates from nondiseased sites lack this ability 2) . However, with subsequent studies, it became clear that all the strains tested, toxic and non-toxic, had very homogeneous leukotoxin genes 30, 51) . Therefore, the variety in leukotoxin production among different strains seems to be dependent on differences in the regulation of leukotoxin expression. Recently, several reports have revealed some regulatory mechanisms of leukotoxin production in A. actinomycetemcomitans 5, 11, 23, 31, 47) . In this mini-review, an overview of past studies on the regulation of leukotoxin production in A. actinomycetemcomitans is presented. More detailed information on the leukotoxin itself and the molecular pathogenicity of this species can be found in the reviews by Henderson et al. 19, 20) , Kolodrubetz 29) , Lally and Kieba 35) , Ohta and Kato 45) , and Wilson and Henderson 69) .
Leukotoxin of A. actinomycetemcomitans
The leukotoxin of A. actinomycetemcomitans is a polypeptide cytotoxin (M r 113000-125000) capable of specifically killing human polymorphonuclear leukocytes and monocytes 8, 63, 65, 66) . Molecular genetic studies have indicated that the A. actinomycetemcomitans leukotoxin belongs to a group of RTX (repeats-in-toxin) 7, 21, 59, 67) cytotoxins characterized by the presence of a repeat domain in the C-terminal half of the protein and by a genetic organization consisting of four contiguous genes designated ltxC, ltxA, ltxB and ltxD (in transcriptional order) (Fig. 2) . The structural gene encoding the leukotoxin (ltxA) exhibits between 40 and 50% identity with the Escherichia coli a-hemolysin and the Pasteurella haemolytica leukotoxin 36) . The three remaining ltx genes (ltxB, ltxC, and ltxD) flanking ltxA are required for activating and transporting the leukotoxins. The ltxA gene product is first activated by the ltxC gene product, and then the toxin is transported from inside to outside the cell by a signal peptide-independent mechanism requiring the products of the ltxB and ltxD genes 33, 34, 59, 68) .
At least two mRNAs are transcribed from the ltxCABD gene cluster 57) . The predominant mRNA of 3.8 kb encodes ltxC and ltxA, and presumably terminates at a rho-independent transcriptional terminator situated between ltxA and ltxB 34, 57) . A less abundant mRNA of 8 kb, encoding ltx-CABD, is also detected when the transcription fails to terminate at this rho-independent terminator and continues through ltxC and ltxD 57) . Thus, the expression of ltxB and ltxD is relatively weak and may be controlled by the extent of transcriptional termination that occurs between ltxA and ltxB.
Variety of leukotoxin expression
All the strains of A. actinomycetemcomitans examined have the leukotoxin operon (ltxC, ltxA, ltxB and ltxD) 51) , but the level of toxin expression varies considerably between different strains 2, 57) . In early studies, the strains were roughly classified as leukotoxin producers (e.g., strains ATCC 29522, ATCC 29524 and Y4) 57) , leukotoxin nonproducers (e.g., strains 627, 652 and 653) 57) or leukotoxin-productionvariable strains (e.g, strain ATCC 29523) 62) from their ability to lyse the target cell. In the 1990s, molecular genetic studies 2, 57) revealed that there was a direct correlation between the level of leukotoxin protein and the amount of ltx RNA in a given strain. Several nonleukotoxic strains possessed the ltx operon but contained low steady-state levels of ltx mRNA relative to the leukotoxic strain JP2 57) . Hence, Brogan et al. 5) used the terms 'highly' and 'minimally' leukotoxic to describe the leukotoxin producers and nonproducers, respectively. They analyzed the ltx promoter sequences of a highly toxic (strain JP2) and a minimally toxic (strain 652) strain and found that in strain JP2 two promoters at 350 bp (P 1 ) and 50 bp (P 2 ) upstream of ltxC were present, whereas there was an insertion of 530 bp between the P 1 and P 2 promoters in strain 652 (Fig. 2) 5) . To further examine whether the level of leukotoxic activity correlates with the promoter's structure, they used 14 strains possessing the 530-bp insertion in the promoter region and 3 strains without the insertion for their ability to lyse the leukotoxinsusceptible cell line HL60 5) . The results showed that the 50% lethal doses (LD 50 ) of the 14 strains with a strain 652-like promoter (insertion-positive) were 10-to 20-fold lower than those of the strains with the JP2-like promoter (insertion-negative). Thus, the level of toxicity expressed by these A. actinomycetemcomitans isolates appears to correlate with the ltx promoter structure.
Kolodrubetz et al. 30, 32) performed a cis/trans analysis to assess the relative contributions of transcription factors and promoter sequences to determining the leukotoxin levels in different strains. They concluded that the contributions of strain-specific trans factors and the promoter sequence were equally significant in determining the levels of ltx expression in A. actinomycetemcomitans. However, a series of chemostat studies 23, 43, 46) revealed that the production of leukotoxin by a clinical isolate (strain 301-b) containing the 652-like promoter was highly dependent on the growth conditions. In batch cultures of strain 301-b, many attempts to find and keep the optimum conditions for leukotoxin production were unsuccessful, and thus the strain was classified as a leukotoxin-variable strain as Spitznagel et al. 57) described strain ATCC 29523. In contrast, when the mode of growth was changed from batch to sugar-limited chemostat cultures, the strain began to produce significant amounts of toxin comparable to the production by strain ATCC 29522 (leukotoxin producer) 43, 47) . This finding suggested that not only the promoter structure but also some environmental factor was involved in the regulation of leukotoxin expression. To understand the difference in leukotoxicity among the strains, both physiological and molecular genetic studies on the leukotoxin production will be required. In the following sections, our knowledge about the localization of leukotoxin and regulation of leukotoxin expression in A. actinomycetemcomitans will be summarized.
Cellular localization of leukotoxin
Most RTX toxins are actively secreted out of the bacterial cell. However, it is generally accepted that A. actinomycetemcomitans does not secrete its leukotoxin. Instead, the toxin remains in the periplasmic space of the bacterial cell 66) or associated with the outer membrane (or membrane vesicle) 8) . In relation to this, Ohta et al. 43, 46) found that the A. actinomycetemcomitans leukotoxin can associate with the bacterial cell via electrostatic interactions with nucleic acids bound to the cell surface. In E. coli, HlyB (the LtxB homolog) and HlyD (the LtxD homolog) are involved in the secretion of toxin from the bacterial cell 21, 38, 49, 50) . The protein sequence deduced from the A. actinomycetemcomitans ltxB gene shares 83% identity with the HlyB protein of E. coli 14) , and the protein sequence of LtxD exhibited 68% identity with the HlyD protein from E. coli 15) . Given this high degree of sequence similarity, it seems unlikely that the leukotoxin from A. actinomycetemcomitans is not secreted. Lally et al. 34) used recombinant approaches in E. coli to elucidate the roles of LtxB and LtxD. They found that the A. actinomycetemcomitans leukotoxin remained in the cytoplasm in E. coli transformants containing the ltxC and ltxA genes of the A. actinomycetemcomitans leukotoxin operon. On the other hand, when the A. actinomycetemcomitans ltxB and ltxD genes were also present, the leukotoxin produced was localized to the E. coli cell membrane, suggesting that the products of the ltxB and ltxD genes are not sufficient for secretion in E. coli. Guthmiller et al. 16) used insertional mutagenesis to generate mutant strains lacking a functional LtxB and/or LtxD of A. actinomycetemcomitans. When either ltxD or both ltxB and ltxD were inactivated, the level of detectable leukotoxin protein in the cell decreased significantly. However, the ltxB and ltxD mutations had no effect on the levels of leukotoxin RNA. Thus, they concluded that the lack of LtxB and LtxD proteins affected LtxA synthesis post-transcriptionally. However, it was not clear whether the A. actinomycetemcomitans leukotoxin could be secreted and the effect of these mutations on the production of soluble leukotoxin.
Kachlany et al. 25) examined leukotoxin production and localization in rough (adherent) and smooth (nonadherent) strains of A. actinomycetemcomitans. They observed that leukotoxin expressed by the rough, adherent, clinical isolate CU1000N was indeed cell-associated, as expected. However, they found that smooth, nonadherent strains of A. actinomycetemcomitans, including Y4, JP2 (a strain expressing a high level of toxin), and CU1060N (an isogenic smooth variant of CU1000N), secreted an abundance of leukotoxin into the culture supernatant during the early stages of growth. They also found that after longer periods of incubation, leukotoxin disappeared from the supernatants and its loss was accompanied by the appearance of a number of low-molecular-weight polypeptides. The decomposition of leukotoxin was also noted in both batch and chemostat culture experiments with A. actinomycetemcomitans strain 301-b by Ohta et al. 47) . In anaerobic fructose-limited chemostat cultures, the 'critical' growth rate where the leukotoxin production rate is equal to the leukotoxin decomposition rate was calculated to be 0.021 and 0.044 h -1 in the absence and presence of bicarbonate, respectively (for details, see Fig. 3 ).
Noteworthy in the study of Kachlany et al. 25) is that mutations in the tad genes, which are required for tight nonspecific adherence of A. actinomycetemcomitans to surfaces, caused leukotoxin to be released from the bacterial cell. Their explanation for the leukotoxin phenotype of tad mutants is that the Tad system is required to secrete a factor that allows leukotoxin to remain cell-associated, possibly the fibrils themselves. Considering that the A. actinomycetemcomitans leukotoxin is electrostatically associated with the nucleic acids bound to the bacterial cell surface 43, 46) , it is possible that the Tad proteins are also involved in the export or binding of nucleic acid to the cell surface. However, there is currently no evidence to support this idea.
Nowotny et al. 42) found that A. actinomycetemcomitans strain Y4 released microvesicles in large numbers during normal growth. They estimated that approximately 1/10 of the microvesicle (dry weight basis) was made up of heatand proteolysis-resistant endotoxin. They also reported that there might be another toxin identical to a bone resorptioninducing substance and a leukotoxin in the microvesicles. However, in a study by Tervahartiala et al. 64) , no correlation was found between leukotoxic activity and the number of outer membranous vesicles per bacterium. Contrary to this, Kato et al. 27) analyzed major proteins in the outer membrane-like vesicles secreted by A. actinomycetemcomitans and found the presence of leukotoxin together with the heat modifiable OmpA homologue of A. actinomycetemcomitans and a 28 kDa lipoprotein related to the major outer membrane lipoprotein of Mannheimia haemolytica. Furthermore, incubation of leukotoxin-sensitive human HL60 cells with vesicles from strains JP2 and 652 resulted in cell lysis, indicating that vesicle-associated leukotoxin is biologically active. In our previous study, membrane vesicles were isolated from chemostat-grown cells of A. actinomycetemcomitans strain 301-b by mild sonication and then from the membrane vesicles a biologically active leukotoxin was purified and characterized 46) . Hence, it seems very likely that A. actinomycetemcomitans secretes extracellularly leukotoxin-containing membrane vesicles.
Physiological regulation of leukotoxin production
To examine the effect of growth conditions on the production of leukotoxin by growing cells of A. actinomycetemcomitans, several studies were performed using chemostat 41, 43, 46, 48) . The chemostat is a culture system that can achieve and support constant growth and a steady state with respect to the bacterial growth rate. Here, influences of growth rate, bicarbonate, oxygen, sugar level, and pH on the toxin production are described.
Growth rate and bicarbonate
Strain 301-b possessing the 652-like promoter structure was grown in anaerobic fructose-limited chemostat cultures (pH 7.0 and 37°C) at dilution rates (D) ranging from 0.04 to 0.20 h -1 in the absence and presence of 10 mM bicarbonate 47) . The relationship between leukotoxin production and the specific growth rate of each steady-state culture was analyzed by plotting the specific rate of leukotoxin production [qLT, in mg leukotoxin (mg cell dry wt) (Fig. 3) : the specific growth rate is equal to the dilution rate in steady state chemostat cultures. The plots approximated linear relationships, indicating that the activity for leukotoxin production was higher at higher growth rates. The equations of these linear relationships were q LT =2.7 D-0.058 and qLT=9.3 D-0.41 without and with bicarbonate, respectively. The slope of the straight line (2.7 and 9.3, without and with bicarbonate, respectively) indicates the theoretical maximum leukotoxin yield [mg leukotoxin (mg cell dry wt) -1 ]. This parameter implies the efficiency of leukotoxin synthesis per unit of cell mass and further the higher leukotoxin yield in the bicarbonate-added culture (9.3 mg leukotoxin/mg cell dry wt versus 2.7 mg/mg cell dry wt in the bicarbonate-free culture) suggested that bicarbonate stimulates leukotoxin synthesis up to about threefold.
Oxygen
It was reported that A. actinomycetemcomitans was found in higher proportions in moderately deep (5-7 mm in depth) than deep periodontal pockets 9) . Moderately deep pockets exhibited higher oxygen tension values than deeper pockets 37) . Therefore, conditions favorable for the growth of A. actinomycetemcomitans, probably include moderate amounts of oxygen, which may be encountered frequently in moderately deep periodontal pockets. A. actinomycetemcomitans was described as being facultatively anaerobic or microaerophilic in early studies 71) . Ohta et al. 48) reported the effects of various levels of aeration on the growth and leukotoxin production by A. actinomycetemcomitans 301-b in fructose-limited chemostat cultures. The leukotoxin production reached a maximum under microaerophilic conditions (E h =-350 to -200 mV) and declined sharply under aerated conditions (E h =-150 mV). The maximum value was 1.3-1.6 times higher than the value recorded under anaerobic conditions (E h =-460 mV). When the E h values ranged from -350 to -200 mV, the concentration of oxygen dissolved in these aerated cultures remained below 0.1 mM. These results suggest that microaerobic conditions are optimal for the growth and leukotoxin synthesis by A. actinomycetemcomitans. Recently, it was suggested that the anaerobic regulation of leukotoxin transcription requires a novel promoter element 31) . The growth and metabolism of A. actinomycetemcomitans under microaerobic conditions have been investigated in more depth using chemostat cultures 44) .
Sugar level
In a further study on the physiology of leukotoxin production, strain 301-b was used to examine the relationship between sugar availability and leukotoxin production in a chemostat 41) . The strain produced significant amounts of leukotoxin in anaerobic fructose-limited chemostat cultures at a dilution rate of 0.15 h -1 and at pH 7.0. When the growth limitation was relieved by pulsing the culture with 50 or 150 mM fructose (final concentration), leukotoxin production immediately stopped and the amount of cell-bound leukotoxin decreased until the culture was returned to fructoselimited conditions. Leukotxin synthesis was also repressed in the chemostat cultures by pulsing with glucose but not with a non-fermentable sugar analog, a-methyl-D-glucoside. The repression of leukotoxin production with a rise in the fructose level was also observed the case for strain ATCC 33384, which is generally recognized as a nonleukotoxin-producing or minimally leukotoxic strain 43) .
pH
Environmental pH is known to influence the enzyme activity and growth of several periodontopathic bacteria such as Porphyromonas gingivalis 40) and Prevottera intermedia 17) . Furthermore, it was reported that the pH of human gingival crevicular fluid rose from 6.9 to 8.7 as the inflammation increased 4) . Therefore, we have performed chemostat studies with strain 301-b to examine the effect of culture pH on the production of leukotoxin. The strain was grown in anaerobic fructose-limited chemostat cultures at a dilution rate of 0.1 h -1 with stepwise increases or decreases of culture pH (Fig. 4) . Steady state cultures were obtained at a pH range from 6.1 to 8.2, but the steady state could be obtained no longer and washout of the culture occurred at pH 5.9 and 8.4. The chemostat study also showed that the pH range for significant leukotoxin production (6.1-7.4) was narrower than the pH range for steady state growth. Considering the elevation of gingival fluid pH with the increase of inflammation, the population and virulence of A. actinomycetemcomitans may decrease at inflamed sites.
Is leukotoxin expression controlled by a catabolite repression-related mechanism?
As mentioned above, the leukotoxin production by A. actinomycetemcomitans 301-b in chemostat cultures stopped immediately on the pulsing of fermentable sugars. To examine this further, a northern blot analysis using a leukotoxin gene probe was performed by Inoue et al. 23) . The result demonstrated that the change in leukotoxin production with the changing level of external fructose was due to an alteration in the transcriptional level of the leukotoxin gene. In parallel with this, a decrease in intracellular cAMP was detected on pulsing fructose, and leukotoxin production was restored when the culture was returned to fructose-limited conditions 23) (Table 1) . Moreover, the addition of external cAMP (final concentration, 3 mM) to a fructose-excess chemostat culture resulted in an apparent recovery of leukotoxin production 23) . As noted above, in strain 301-b the leukotoxin gene expression was repressed by pulsing glucose, but not by pulsing with the non-fermentable glucose analogue, a-methyl-D-glucoside 41) . All of these observations are consistent with the characteristics of catabolite repres- sion, a well-known mechanism for the regulation of gene expression in E. coli. It was already reported that in E. coli cells the intracellular cAMP level in sugar-limited chemostat cultures was more than 10-fold higher than that under sugar-excess conditions 39, 70) . Hence, it seemed very likely that leukotoxin expression in A. actinomycetemcomitans is regulated by a catabolite repression-like mechanism. In E. coli, the binding of the cAMP-cAMP receptor protein (CRP) complex to the consensus sequence, TGTGAnnnnnnTCACA, just upstream of the promoter, is known for the transcriptional activation of cataboliterepressible genes 58) . Therefore, the promoter region of the ltx operon in strain 301-b was analyzed 23) . However, no sequence similar to the consensus was found in the vicinity of the A. actinomycetemcomitans leukotoxin promoter, suggesting that the cAMP-CRP complex does not directly affect the expression of the leukotoxin gene. Further molecular genetic studies will be needed to explain exactly the repression of leukotoxin synthesis by sugar up shift.
Autoinducer-dependent leukotoxin expression
Cell density-dependent regulation of gene expression, termed quorum-sensing, was reported for the regulation of virulence factor production in several gram-negative bacteria 6, 12, 24, 61) . These bacteria synthesize and secrete extracellular signal molecules, autoinducers, which accumulate in the environment as the population increases. When a critical threshold concentration of autoinducer is attained, a signal transduction cascade is triggered, resulting in an alteration in gene expression and a change in behavior of the organism 3, 10) . It has been shown that several periodontal pathogens secrete signals related to autoinducer II (AI-2) of the signal system 2 pathway in Vibrio harveyi 12) . Fong et al. 11) reported that A. actinomycetemcomitans strain JP2 secretes an AI-2-like signal that stimulates light production in V. harveyi and induces the expression of leukotoxin. Cellfree conditioned medium from A. actinomycetemcomitans strain JP2 or from a recombinant E. coli containing luxS of A. actinomycetemcomitans strain JP2 (E. coli AIS) induced luminescence in V. harveyi BB170 at 200-fold the control level. AI-2 levels in A. actinomycetemcomitans peaked at the mid exponential phase of the growth and were significantly reduced at the late log and stationary phase. Incubation of early log phase-cultured A. actinomycetemcomitans cells with conditioned medium from A. actinomycetemcomitans or from E. coli AIS resulted in a threefold induction of leukotoxic activity and a concomitant increase in leukotoxin polypeptide. In contrast, no increase in leukotoxin expression occurred when cells were exposed to sterile medium or to conditioned broth from a E. coli AIS-negative. These results indicated that the AI-2-like signal secreted by A. actinomycetemcomitans was a positive regulator for leukotoxin expression.
Concluding remarks
A. actinomycetemcomitans has been implicated as the causative agent of localized 'juvenile' (currently 'aggressive') periodontitis, a severe form of periodontal disease that affects only certain teeth (incisors and premolars) and causes rapid loss of the alveolar bone of the jaw leading to tooth loss 9, 20, 55, 72) . A. actinomycetemcomitans can also cause infective endocarditis 1, 13) and other non-oral infections 26) . In the oral cavity, the organism preferentially inhabits periodontal sites that exhibit some degree of inflammation 55) . It was reported that the amount of gingival exudates increased with the severity of inflammation in the gingivae: gingivae with a slight degree of inflammation (GI=1) yielded on average 0.15 mg exudates per filter strip, while those with a moderate degree of inflammation (GI=2) averaged approximately 0.50 mg per strip 18) . In addition, the mean content of glucose in exudates sampled from gingivae scoring GI=1 (5.36 mg per mg gingival exudates) was almost twice as much as that from gingivae scoring GI=2 (2.79 mg per mg gingival exudates). This difference was assumed to be statistically significant (p<0.01). The glucose content in gingival exudates corresponds to about 30 mM of sites with GI=1 and about 16 mM at sites with GI=2. Interestingly, these values coincide with the concentrations of fermentable sugar-excess and -limited conditions, respectively, for the growth of A. actinomycetemcomitans 41) . Therefore, it seems very likely that the leukotoxin production by A. actinomycetemcomitans increased with the severity of inflammation in the gingivae in terms of the amount of gingival exudates and the glucose content. However, as mentioned in the section "Physiological regulation of leukotoxin production", it should be noted that the pH of gingival exudates changed to become alkaline as the inflammation increased 4) . This pH shift does not seem to be suitable for the growth of A. actinomycetemcomitans.
In the oral cavity, not only chemical factors such as pH, oxygen and sugar availability but also biological factors including interactions among bacteria might influence the growth and actual leukotoxicity of A. actinomycetemcomitans. With respect to the latter, it is of interest to note that subgingival bacterial species such as Fusobacterium nucleatum, P. gingivalis and P. intermedia secrete a signal related to AI-2 of V. harveyi 12) . Moreover, Fong et al. 11) reported that a signal synthesized by A. actinomycetemcomitans luxS enhanced its own leukotoxin production, and that the signal was capable of modulating the expression of luxS-regulated genes in P. gingivalis. These findings suggest that the expression of leukotoxin may be modulated by autoinducers of other subgingival bacteria. It is hoped that a more complete picture of the in vivo pathogenesis of A. actinomycetemcomitans will be provided by further eco-physiological and molecular genetic studies.
